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Edited by Sandro SonninoAbstract Membrane rigidiﬁcation could be the ﬁrst step of cold
perception in poikilotherms. We have investigated its implication
in diacylglycerol kinase (DAGK) activation by cold stress in sus-
pension cells from Arabidopsis mutants altered in desaturase
activities. By lateral diﬀusion assay, we showed that plasma mem-
brane rigidiﬁcation with temperature decrease was steeper in cells
deﬁcient in oleate desaturase than in wild type cells and in cells
overexpressing linoleate desaturase. The threshold for the activa-
tion of the DAGK pathway in each type of cells correlated with
this order of rigidiﬁcation rate, suggesting that cold induced-mem-
brane rigidiﬁcation is upstream of DAGK pathway activation.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Non-chilling temperatures represent a major stress for poi-
kilotherms. A temperature decrease disturbs cell homeostasis
by altering steady-state metabolic equilibrium, membrane ﬂu-
idity, membrane activities and the expression of many genes
[1]. Little is known about temperature perception, i.e. conver-
sion of this physical signal. The major site of cold perception
might be membrane rigidiﬁcation, immediately detected by
membrane proteins acting as primary sensors or regulators.
In Synechocystis, hydrogenation of membrane lipids, that re-
duces their molecular motion under isothermal conditions,
stimulated the expression of the DesA gene [2]. A strain of Syn-
echocystis mutated in genes encoding fatty acid desaturasesAbbreviations: ATPase, adenosine triphosphatase; BA, benzyl alcohol;
DAG, diacylglycerol; DAGK, diacylglycerol kinase; G-6-Pase, glu-
cose-6-phosphatase; HPLC, high-performance liquid chromatography;
PI-PLC, phosphoinositide-dependent phospholipase C; PLC, phos-
pholipase C; PLD, phospholipase D; PtdCho, phosphatidylcholine;
PtdEtn, phosphatidylethanolamine; PtdIns, phosphatidylinositol;
PtdInsP2, phosphatidylinositol-bisphosphate; PtdOH, phosphatidic
acid; TLC, thin layer chromatography; UDPase, uridine diphospha-
tase; Ea, activation energy; 16:0, palmitic acid; 18:0, stearic acid;
18:1, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid
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doi:10.1016/j.febslet.2006.06.083exhibited a rigidiﬁed plasma membrane even at physiological
temperatures, and an enhanced cold-inducibility of a number
of genes [3]. A similar role has been suggested in Bacillus
subtilis [4].
To date, little is known about cold sensors in plants. Several
data have suggested a role of membrane physical state on cold
transduction. In Medicago sativa cells, membrane ﬂuidization
induced by benzyl alcohol (BA) prevented both the expression
of a cold-induced gene and the calcium inﬂux following expo-
sure to 4 C [5]. These two events were induced at 25 C after
membrane rigidiﬁcation by dimethylsulfoxide. In Brassica na-
pus, cold-activation of the BN115 promoter was strongly
inhibited by BA, but induced at 25 C by dimethylsulfoxide [6].
In this study, using Arabidopsis cells, we investigated the role
of membrane rigidiﬁcation as part of the cold perception and
transduction process, by analysing diacylglycerol kinase
(DAGK) activation, a very early event occurring within sec-
onds of cold exposure, through the accumulation of its prod-
uct, phosphatidic acid (PtdOH) [7]. Because preliminary
results showed that BA had side eﬀects on membrane-based
signaling events, like phospholipase D activation, we developed
an alternative approach. We took advantage of desaturase mu-
tants in which the lipid composition, and hence the physical
state of the membranes, were severely aﬀected. Our results indi-
cate that the activation of the DAGK pathway following a tem-
perature decrease correlates with changes in membrane ﬂuidity.2. Materials and methods
2.1. Plant material
Cell suspensions of wild type Arabidopsis thaliana L. (Heynh) eco-
type Columbia were provided by Dr. Axelos (CNRS, Toulouse). Cell
suspensions of the fad2 and FAD3+ genotypes were established in
our laboratory. The fad2 cells lack the endoplasmic reticulum oleate
desaturase activity [8]. The FAD3+ cells over-express a linoleate desat-
urase activity [9].
2.2. Protein and lipid phosphate assay
Protein content was assayed according to [10]. Phospholipid phos-
phate was measured as in [11].
2.3. Plasma membrane puriﬁcation
Plasma membranes were puriﬁed by aqueous polymer two-phase
partitioning from a microsomal fraction of 6-day-old suspension cul-
tures as described in [12]. Final amounts of dextran and polyethyleneblished by Elsevier B.V. All rights reserved.
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respectively. Puriﬁed plasma membrane fractions were recovered from
the upper phase. All steps were carried out at 4 C.
2.4. Enzymatic assays
Marker enzymes used to characterize membrane purity were vana-
date-sensitive adenosine triphosphatase (ATPase) (plasma membrane),
nitrate-sensitive ATPase (tonoplast membrane), azide-sensitive ATP-
ase (mitochondria membrane), uridine diphosphatase (UDPase; Golgi
apparatus membrane) and glucose-6-phosphatase (G6Pase; endoplas-
mic reticulum membrane). Liberated phosphate was assayed according
to [13].
2.5. Metabolic radiolabeling and cold treatment
Phospholipids were metabolically labeled by incubating cells for
15 min with 53 MBq L1 or 530 MBq L1 (molecular species experi-
ments) [33P]. Cold treatment was performed as in [7].
2.6. Lipid extraction and separation
Total cell lipids were extracted as described in [7]. Plasma membrane
lipids were extracted from an aliquot (0.2–0.5 mg proteins) in a ﬁnal
volume of 2.4 mL; phospholipids were separated from other lipids by
thin layer chromatography (TLC) [14].
2.7. Lipid analysis
Phospholipids were routinely separated by TLC using an acidic sol-
vent system [7]. Radiolabeled phospholipids were detected by a phos-
phor screen (AGFA) using a Storm (Amersham Biosciences).
Unlabeled phospholipid standards were visualized by exposure to pri-
mulin. Phospholipid fatty acid composition was carried out as in [7].
Extraction and analysis of sterols were performed as in [15]. For
phospholipid molecular species, phospholipid classes were separated
by high-performance liquid chromatography (HPLC) on a silicic acid
column, and the separation of molecular species was achieved on a re-
verse HPLC on a octadecylsilane column [16]. Phospholipids were de-
tected by measuring the absorbance at 205 nm, and radioactivity was
monitored by continuous-ﬂow detection with a Flo-One beta detector
(Flotec). Prior to reverse-HPLC, PtdOH was dimethylated by dia-
zomethane [17].
2.8. Lipid lateral diﬀusion
The lateral diﬀusion of the excimer-forming probe, 1-pyrene-dodeca-
noic acid, was determined according to [18], at a probe molar fraction
of 75 · 103. Excitation wavelength was set at 343 nm, and emission
was recorded at 378 nm and 473 nm for the monomer and excimer,
respectively.3. Results and discussion
3.1. Composition of plasma membrane-enriched fractions
The purity of plasma membrane-enriched fractions was as-
sessed by enzymatic markers (Table 1). Compared to micro-
somes, the puriﬁed fractions showed enrichment (1.75- andTable 1
Enzymatic marker activities in the plasma membrane-enriched fractions com
Enzyme Marker
Vanadate-sensitive H + ATPase Plasma membrane
Uridine diphosphatase Golgi apparatus
Glucose-6-phosphatase Endoplasmic reticulum
Vanadate-insensitive ATPases Mitochondria/tonoplast
Data are expressed as the ratio between the speciﬁc activities found in the p
Values greater than 1 for the plasma membrane marker indicates an enrichme
membrane markers show that these membranes are not co-puriﬁed with the
over 6 time points by linear regression. For the data indicated with *, the lin
zero for the plasmalemma-enriched fractions. In those cases, a maximal ac
successive time points.2.90-fold) in vanadate-sensitive ATPase, a marker of plasma
membranes, and impoverishment in UDPase and G6Pase
activities, showing low levels of contamination by Golgi appa-
ratus and endoplasmic reticulum, respectively. The contamina-
tion by others membranes displaying ATPase activities
(mitochondria, chloroplasts) was estimated by the percentage
of vanadate-insensitive ATPase activity: the values were
14.7%, 9.4% and 6.3% for FAD3+, fad2 and WT, respectively.
No nitrate sensitive- and azide sensitive-ATPase activities
could be detected in the plasma membrane fractions showing
a very low level of contamination by mitochondrial and tono-
plastic membranes. Therefore, these fractions were signiﬁcantly
enriched in plasmalemma and poorly contaminated by other
membranes. The fatty acid composition of these fractions
was analyzed (Table 2). In comparison to WT, fad2 plasma
membranes exhibited a higher proportion of 18:1 fatty acid
and a lower content in polyunsaturated fatty acids reﬂecting
the deﬁciency in omega-6-oleate desaturase. This is in accor-
dance with the fatty acid composition found in mesophyll cells
or roots [8] of fad2 plants, and in mitochondria from fad2 sus-
pension cells [19]. FAD3+ plasma membranes were character-
ized by a higher amount of 18:1 fatty acid and 18:3 fatty acid
with a reduced proportion of 18:2 fatty acid as already reported
for lipids from roots of FAD3+ plants [9]. The sterol content,
phospholipid vs. protein ratio and sterol vs. phospholipid ratio
were also determined (Table 2). The phospholipid-to-protein
molecular ratio was similar in fad2 and WT membranes, while
it was diminished by nearly 2-fold in FAD3+membranes. Both
mutants showed slightly lower sterol vs. phospholipid molar
ratio values compared to WT membranes.
3.2. Lateral lipid diﬀusion in plasma membranes
Membrane ﬂuidity can be inﬂuenced by lipid composition,
sterol content and protein level. We wanted to know whether
the profound changes in membrane composition were accom-
panied by modiﬁcations of the temperature dependence of the
membrane physical state. We did so monitoring lipid lateral
diﬀusion. The ﬂuorescent ratio between excimer and monomer
forms of 1-pyrene dodecanoic acid is a reporter of the collision
frequency of lipids in the membrane, i.e. their lateral diﬀusion
[18]. This ratio was measured at diﬀerent temperatures between
22 C and 8 C, in three independent preparations of plasma
membranes from each genotype. As expected, lipid lateral dif-
fusion slowed down exponentially as temperature decreased
and was diﬀerent in the three types of plasma membranes.
The activation energy (Ea) of the motion, which directly gov-
erns its dependence upon temperature, can be obtained by
re-plotting the data in an Arrhenius plot (i.e. Ln of the ratiopared to microsomes
WT fad2 FAD3+
1.75 2.90 2.40
0.15 0.14 <0.15*
0.10 0.30 <0.3*
<0.1* 0.40 0.25
lasmalemma-enriched fraction compared to the microsomal fraction.
nt of this membrane in the fraction. On the other hand, values of other
plasma membranes. Enzymatic activities were determined kinetically
ear regression model returned activities not signiﬁcantly diﬀerent from
tivity was determined considering the highest diﬀerence between two
Table 2
Distribution of membrane components and fatty acid composition of phospholipids in plasmalemma-enriched fractions from wild-type, fad2 and
FAD3+ cells
Phospholipid/protein (w/w) Sterol/phospholipid (mol/mol) Fatty acid composition of phospholipids (%)
16:0 18:0 18:1 18:2 18:3
WT 2.32 ± 0.52 1.16 ± 0.06 42.2 ± 4.0 13.8 ± 1.4 14.5 ± 1.2 14.7 ± 1.3 14.7 ± 1.2
fad2 2.46 ± 0.59 0.90 ± 0.04 18.4 ± 4.3 1.5 ± 0.1 73.3 ± 3.8 1.4 ± 0.1 5.5 ± 0.4
FAD3+ 1.36 ± 0.18 0.92 ± 0.11 37.2 ± 4.7 3.5 ± 1.2 25.5 ± 4.4 2.2 ± 1.5 31.7 ± 3.0
Plasma membranes were isolated from cells of each genotype and their phospholipid, sterol and protein contents were determined. Phospholipids
were extracted and separated by thin layer chromatography. Methyl esters released by methanolysis of phospholipids were separated by gas
chromatography. Fatty acids are 16:0, palmitic acid; 18:0, stearic acid; 18:1, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid. Data are the mean
(spread of values) of two independent determinations.
Fig. 1. Diﬀerential labeling allows to speciﬁcally detect PtdOH
produced by the action of DAGK activity. A – Cells were labeled
with 53 MBq L1 [33P]-orthophosphate for 15 min or 24 h, and
submitted, or not, to 0 C for 10 min. Lipids were then extracted,
and separated. The radioactivity incorporated in PtdOH, PtdIns,
PtdEtn, PtdCho, PtdInsP and PtdInsP2 was measured with a Storm,
and the value 100 arbitrarily attributed to the total amount of
radioactivity incorporated in non stressed cells labeled for 15 min.
Note the diﬀerence in scale for cells labeled for 24 h. B – Cells were
labeled with 53 MBq L-1 [33P]-orthophosphate for 15 min, in presence
or not of R59022. After an 10 min exposure at 0 C, lipids were
extracted. Results are expressed as a percentage of radioactive PtdOH
level obtained in cold-exposed cells in absence of R59022.
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branes was more dependent on temperature (Ea = 22.92 ±
0.63 kJ mol1) than in WT membranes (Ea = 18.21 ± 0.13
kJ mol1), and in FAD3+ membranes (Ea = 16.94 ± 0.11
kJ mol1). It is possible to estimate the fraction of the mole-
cules with an energy equal or in excess to the activation energy
(exp(Ea/RT)), and thus entering diﬀusion. Over the tempera-
ture range investigated (i.e. 22–0 C), this fraction was approx-
imately two-times higher in FAD3+ membranes, and 7–8 times
lower in fad2 membranes, with respect to the WT. Accord-
ingly, rigidiﬁcation upon a temperature downshift was more
important in fad2 membranes and less important in FAD3+
membranes, when compared to WT membranes.
The exact roles of protein level, sterol content and composi-
tion or phospholipid content and composition on the physical
state of each type of membranes is out of the scope of this
study. However it is interesting to notice that FAD3+ mem-
branes, that rigidify the less on a temperature decrease, are
the membranes with the lower phospholipid/protein ratio. A
higher proportion of protein is a factor contributing to a more
rigid membrane [20]; it raises the question whether this lower
phospholipid/protein ratio in FAD3+ membranes could be
an adaptative mechanism aiming at counterbalancing the ef-
fects of high content in 18:3 fatty acid.
What appears clearly is that the three types of membranes
diﬀer in their rigidifying rate upon a temperature decrease.
Therefore these cells can be used to monitor the role of mem-
brane physical state in the cold activation of DAGK pathway.
3.3. A diﬀerential labeling to detect PtdOH proceeding from
DAGK
In a cell, phosphatidic acid can be produced either by diac-
ylglycerol kinase, by phospholipase D (PLD) or through the
sequential acylation of a-glycerophosphate by acyl-CoA. To
discriminate between these diﬀerent sources we applied a pro-
tocol of diﬀerential labeling with radioactive orthophosphate
[7]. WT cells were labeled with [33P]-orthophosphate for
15 min (Fig. 1). ATP, with its very short half-life, incorporates
a lot of radioactive phosphate, while structural phospholipids,
such as phosphatidylcholine (PtdCho) or phosphatidylethanol-
amine (PtdEtn), which contain a diesteriﬁed phosphate, re-
main largely unlabeled. That is shown why the radioactivity
incorporated in phosphatidylinositol phosphate (PtdInsP)
and phosphatidylinositol bisphosphate (PtdInsP2), whose
monoester phosphates on the inositol ring are in isotopic equi-
librium with ATP, represents 50% of the total radioactivity
incorporated in all phospholipids after a 15 min labeling, while
it is only of 3.4% after a 24 h (Fig. 1A). When a cold stress isapplied, PtdOH is produced. Following a 15 min labeling, the
radioactivity incorporated in PtdOH was equal to the entire
radioactivity in PtdEtn and PtdCho (Fig. 1A). If this PtdOH
was due to PLD activity, PLD would have hydrolyzed all
cellular PtdEtn and PtdCho, which is not possible. On the
contrary, we could estimate by labeling cells for 24 h that
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Cho (not shown). The fact that the radioactive PtdOH de-
tected after cold stress in the conditions of 15 min labeling
was produced through DAGK is conﬁrmed by the fact that
75 lM R59022, a weak inhibitor of DAGK, led to an inhibi-
tion of the production of radioactive PtdOH (Fig. 1B). The
inhibition level is similar to that reported with in vitro assays
[21]. Finally, we analyzed by reverse-HPLC the molecular spe-
cies of the radioactive PtdOH formed after a 10 min cold stress
in cells labeled for 15 min, in the three genotypes (Fig. 2). We
compared them to the radioactive molecular species of PtdIns,
PtdEtn and PtdCho after a 24 h 33Pi labeling that reﬂect the
molecular species distribution of the bulk lipids (not shown).
The molecular species of radioactive PtdOH after a 10 min
cold stress were typical of phosphoinositides, conﬁrming thatFig. 2. Comparison of the molecular species of PtdOH produced by DAGK d
530 MBq L1[33P]-orthophosphate for either 15 min or 24 h. After a 10 min
separated by HPLC. Each lipid class was separated into molecular species
retention time compared with the bulk lipid.this radioactive PtdOH resulted almost exclusively from a
DAGK activity coupled with phosphoinositide-dependent
phospholipase C (PI-PLC) activity as PtdIns is not a substrate
of Arabidopsis PLD [22].
3.4. Diﬀerences in the temperature set point for the activation of
the DAGK pathway correlate with diﬀerences in membrane
rigidiﬁcation
If membrane rigidiﬁcation triggers cold signal transduction,
it would be expected that the response would be set at a higher
temperature in cells whose membranes show the higher rigidi-
ﬁcation rate with temperature. After labeling at 22 C, cells
were transferred for 1 min to a lower temperature. Transfer-
ring cells from 22 C to a lower temperature led to a progres-
sive reduction in the suspension temperature; the lower theuring a cold exposure with other phospholipids. Cells were labeled with
cold shock, lipids were extracted and PtdIns, PtdCho and PtdEtn were
by reverse phase HPLC. Molecular species were identiﬁed by their
4222 M.-N. Vaultier et al. / FEBS Letters 580 (2006) 4218–4223ﬁnal temperature, the steeper the temperature decrease (not
shown). Even though the ﬁnal temperature was not sensed
by the cells after 1 min, it appeared that the rate of tempera-
ture decrease was important for cold perception, as shown
for the cold-elicited Ca2+ inﬂux [23].
The amount of PtdOH formed by DAGK was determined
for each incubation temperature and expressed as a percent
of the value obtained at 3 C (Fig. 3). For each genotype, there
was no PtdOH formed at temperatures higher than a speciﬁc
threshold. For WT cells, PtdOH was produced below 14 C.
In fad2 cells, PtdOH was already detected at 18 C. For
FAD3+ cells, the threshold was 12 C. This order,
fad2 > WT > FAD3+, correlates with the temperature-depen-
dence of their membrane ﬂuidity. It strongly suggests that
the activation of the DAGK pathway in response to chilling
depends on plasma membrane rigidiﬁcation. These results
are in accordance with results from Synechocystis, where low-fad2
WT
FAD3+
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Fig. 3. Temperature threshold of phosphatidic acid production by the
DAGK pathway. Lipids were extracted 1 min after incubation at low
temperature. The rates of PtdOH production (expressed as the ratio of
PtdOH vs. phosphatidylethanolamine and per min) are normalized to
the rate obtained at 3 C. Values are means ± S.D. of two independent
experiments with three independent assays for each experiment fad2
(closed squares), wild-type (open squares), and FAD3+ (grey trian-
gles). The arrow indicates the temperature range of DAGK pathway
activation.ering membrane ﬂuidity by hydrogenation of fatty acids in-
duced a shift of the temperature set-point of the cold-
induced transcription of desA towards higher temperatures
[2]. However, another membrane property, that will vary in
the three lines in the order fad2 > WT > FAD3+, would also
correlate with the cold response. Till now, no such parameter
independent from membrane ﬂuidity has been identiﬁed.4. Conclusion
In this work, the role of membrane physical state on cold
sensing was assessed using mutants aﬀected in membrane ﬂuid-
ity. Such an approach, already performed in Synechocystis,
has been undertaken for the ﬁrst time in higher plants. It
strongly suggests that membrane rigidiﬁcation acts as a cold
perception mechanism upstream of DAGK pathway in Ara-
bidopsis. This approach is an alternative to the use of chemi-
cals (such as BA) to alter membrane properties. The
question now arises of the link between membrane rigidiﬁca-
tion and the activation of the DAGK pathway. Calcium entry
is necessary to activate the DAGK pathway [7], certainly by
activating PI-PLCs, which are strictly dependent on calcium
[24]. Cold induced membrane rigidiﬁcation could activate
Ca2+ channels, Ca2+ entry would lead to PLC activation and
to an increase in DAGK-produced PtdOH. The use of the
desaturase mutants to monitor temperature threshold of cal-
cium entry could help establish this link.
Finally, it is interesting to note that no correlation could be
established between membrane rigidiﬁcation and the activa-
tion of phospholipase D (PLD) by cold, PLD being triggered
at a higher temperature in fad2 (18 C) than WT (12 C) cells
and at an intermediate temperature (14 C) in FAD3+ cells
(data not shown). Identifying the mechanisms of the cold-acti-
vation of PLD should help unravel another cold perception
process.
Acknowledgements:We thank Dr. Schaller (UPR 2357) for sterol anal-
ysis and Drs. Collin (FRE 2846) and Hodges (UMR 8618) for careful
reading of the manuscript. This work was supported by the Ministe`re
de la Recherche, the Centre National de la Recherche Scientiﬁque, and
the Universite´ Pierre et Marie Curie.References
[1] Los, D.A. and Murata, N. (2004) Membrane ﬂuidity and its roles
in the perception of environmental signals. Biochem. Biophys.
Acta 1666, 142–157.
[2] Vigh, L., Los, D.A., Horva´th, I. and Murata, N. (1993) The
primary signal in the biological perception of temperature: Pd-
catalyzed hydrogenation of membrane lipids stimulated the
expression of the desA gene in Synechocystis PCC6803. Proc.
Natl. Acad. Sci. USA 90, 9090–9094.
[3] Inaba, M., Suzuki, I., Szalontai, B., Kanesaki, Y., Los, D.A.,
Hayashi, H. and Murata, N. (2003) Gene-engineered rigidiﬁ-
cation of membrane lipids enhances the cold inducibility of
gene expression in Synechocystis. J. Biol. Chem. 278, 12191–
12198.
[4] Aguilar, P.S., Hernandez-Arriaga, A.M., Cybulski, L.E., Erazo,
A.C. and de Mendoza, D. (2001) Molecular basis of thermosen-
sing: a two-component signal transduction thermometer in
Bacillus subtilis. Embo. J. 20, 1681–1691.
[5] O¨rvar, B.L., Sangwan, V., Omann, F. and Dhindsa, R.S. (2000)
Early steps in cold sensing by plant cells: the role of actin
cytoskeleton and membrane ﬂuidity. Plant J. 23, 785–794.
M.-N. Vaultier et al. / FEBS Letters 580 (2006) 4218–4223 4223[6] Sangwan, V., Foulds, I., Singh, J. and Dhindsa, R.S. (2001) Cold-
activation of Brassica napus BN115 promoter is mediated by
structural changes in membranes and cytoskeleton and requires
Ca2+ inﬂux. Plant J. 27, 1–12.
[7] Ruelland, E., Cantrel, C., Gawer, M., Kader, J.C. and Zachow-
ski, A. (2002) Activation of phospholipases C and D is an early
response to a cold exposure in Arabidopsis suspension cells. Plant
Physiol. 130, 999–1007.
[8] Miquel, M. and Browse, J. (1992) Arabidopsis mutants deﬁcient in
polyunsaturated fatty acid synthesis. Biochemical and genetic
characterization of a plant oleoyl-phosphatidylcholine desaturase.
J. Biol. Chem. 267, 1502–1509.
[9] Arondel, V., Lemieux, B., Hwang, I., Gibson, S., Goodman,
H.M. and Somerville, C.R. (1992) Map-based cloning of a gene
controlling omega-3 fatty acid desaturation in Arabidopsis.
Science 258, 1353–1355.
[10] Lowry, O.H., Rosenbrough, H.J., Farr, A.L. and Randall, R.J.
(1951) Protein measurement with the Folin-phenol reagent. J.
Biol. Chem. 193, 265–275.
[11] Rouser, G., Fleischer, S. and Yamamoto, A. (1970) Two
dimensional thin layer chromatographic separation of polar lipids
and determination of phospholipids by phosphorus analysis of
spots. Lipids 5, 494–496.
[12] Larsson, C., Widell, S. and Kjellbom, P. (1987) Preparation of
high-purity plasma membranes. Methods Enzymol. 148, 558–568.
[13] Anner, B. and Moosmayer, M. (1975) Rapid determination of
inorganic phosphate in biological systems by highly sensitive
photometric method. Anal. Biochem. 65, 305–309.
[14] Mangold, H.K. (1961) Thin layer chromatography of lipids. J.
Am. Oil Chem. Soc. 38, 708–714.
[15] Schaeﬀer, A., Bronner, R., Benveniste, P. and Schaller, H. (2001)
The ratio of campesterol to sitosterol that modulates growth in
Arabidopsis is controlled by sterol methyltransferase 2;1. Plant J.
25, 605–615.
[16] Demandre, C., Tremolieres, A., Justin, A.M. and Mazliak, P.
(1985) Analysis of molecular species of plant polar lipids by high-performance and gas liquid chromatography. Phytochem. 24,
481–485.
[17] Justin, A.M. and Mazliak, P. (1992) Comparison of the molecular
species patterns of phosphatidic acid, CDP-diacylglycerols and
phosphatidylinositol in potato tuber, pea leaf and soybean
microsomes: consequences for the selectivity of the enzymes
catalyzing phosphatidylinositol biosynthesis. Biochim. Biophys.
Acta 1165, 141–146.
[18] Galla, H.J. and Luisetti, J. (1980) Lateral and transversal
diﬀusion and phase transitions in erythrocyte membranes. Bio-
chim. Biophys. Acta 596, 108–117.
[19] Caiveau, O., Fortune, D., Cantrel, C., Zachowski, A. and
Moreau, F. (2001) Consequences of omega-6-oleate desaturase
deﬁciency on lipid dynamics and functional properties of mito-
chondrial membranes of Arabidopsis thaliana. J. Biol. Chem. 276,
5788–5794.
[20] O’Leary, T.J. (1987) Lateral diﬀusion of lipids in complex
biological membranes. Proc. Natl. Acad. Sci. USA 84, 429–433.
[21] Go´mez-Merino, F.C., Arana-Ceballos, F.A., Trejo-Te´llez, L.I.,
Skirycz, A., Brearley, C.A., Do¨rmann, P. and Mueller-Roeber, B.
(2005) Arabidopsis AtDGK7, the smallest member of plant
diacylglycerol kinases (DGKs), displays unique biochemical
features and saturates at low substrate concentration. J. Biol.
Chem. 280, 34888–34899.
[22] Qin, C. and Wang, X. (2002) The Arabidopsis phospholipase D
family. Characterization of a calcium-independent and phospha-
tidylcholine-selective PLD zeta 1 with distinct regulatory
domains. Plant Physiol. 128, 1057–1068.
[23] Plieth, C., Hansen, U.P., Knight, H. and Knight, M.R. (1999)
Temperature sensing by plants: the primary characteristics of
signal perception and calcium response. Plant J. 18, 491–497.
[24] Hunt, L., Otterhag, L., Lee, J.C., Lashenn, T., Hunt, J.,
Shinozaki, K., Sommarin, M., Gilmour, D.J., Pical, C. and Gray,
J.E. (2004) Gene-speciﬁc expression and calcium activation of
Arabidopsis thaliana phospholipase isoforms. New Phytol. 162,
643–654.
